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The upper treeline provides a unique opportunity for documenting changes in forest
dynamics in the context of current environmental fluctuations. Documenting the response
of forests to present environmental changes will be very useful in developing and
validating vegetation models that predict plant responses to global changes resulting
from human activities. It is generally suggested that the expansion of the upper treeline is
limited by cold temperatures, so warmer conditions are expected to induce an advance
of forests into alpine vegetation. Significant changes in temperature and precipitation
have already been documented in regional studies along the Patagonian Andes during
the last decades. Across Patagonia, there are strong relationships between changes in
climate and variations in the Southern Annular Mode (SAM). The atmospheric circulation
indexes, act as climate packages summarizing climatic information since they combine
changes in environmental variables. In order to complement previous studies in the
northern Patagonia treeline, we have conducted a this study in the southern Patagonian
Andes to: (1) characterize the patterns of Nothofagus pumilio establishment in the
upper treeline along a precipitation gradient, (2) to establish the relationship between
variations in regional climate and tree establishment and (3) to determine the influence
of continental and hemispheric-scale climatic forcing on tree establishment at regional
scale. Our studies suggest that the location of the upper treeline of the N. pumilio forest
in the Patagonian Andes is sensitive to changes in climate variations. The temperature
increment has facilitated the tree recruitment, however, the rate of seedling establishment
appears to be more strongly modulated by the interaction between temperature increase
and variations in precipitation. The expansion of the upper treeline has been limited
to 5–10m from the abrupt treeline. This comparatively reduced advance of the forest
in the alpine grassland is regulated by other biotic and abiotic factors rather than the
temperature increase. While the recent expansion of the upper treeline in northern
Patagonia was regulated by temperature and precipitation variations associated with the
different phases of the Pacific Decadal Oscillation, the establishment above the upper
treeline in the southern Patagonian Andes was facilitated by climatic variations induced
by the positive trend of the SAM during the last decades.
Keywords: establishment, upper treeline, treeline dynamics, Southern Annular Mode, Pacifical Decadal
Oscillation, temperature, precipitation
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INTRODUCTION
The upper altitudinal limit of the forest is exposed to
extreme environmental conditions. Small fluctuations in
this environment determine changes in the patterns of
tree establishment and mortality, which in turn alter forest
distribution. Therefore, the upper treeline provides a unique
opportunity for documenting changes in forest dynamics in
the context of current environmental fluctuations. Indeed, the
advance of new trees within and even above the upper treeline,
as well as the increase in growth of trees, can be considered
as reliable indicators of the forest’s responses to changes
in environmental conditions (Holtmeier and Broll, 2005).
Documenting the response of forests to present environmental
changes will be very useful in developing and validating
vegetation models that predict plant responses to global changes
resulting from human activities.
Several studies suggest that the expansion of the upper treeline
is limited by cold temperatures, so warmer conditions are
expected to induce an advance of forests into alpine vegetation
(Tranquilini, 1979; Jobbagy and Jackson, 2000; Grace et al., 2002;
Camarero and Gutiérrez, 2004; Körner and Paulsen, 2004; among
others). Daubenmire’s pioneering studies (Daubenmire, 1954)
indicated that the forest’s altitudinal limit coincided with the
isotherm of 10◦C during the warmest month of the year. More
recently, Körner (1998) proposed a thermal threshold of 5.5–
7.5◦Cduring the growing season for the growth and development
of plant tissues of tree species living in the upper boundary
of the forest. Although temperature appear to be the main
factor controlling the upper elevational limit of the forest, not
all treelines reacts similarly to variations in temperature. On a
global scale, warmer temperatures are not always associated with
treeline advances (Harsch et al., 2009). Differences in treeline
responses to global temperature increase may reflect distinct
rates of temperature increases between regions (Trenberth et al.,
2014) or treeline responses to different seasonal (spring vs.
summer) temperature variations (Körner and Paulsen, 2004;
Harsch et al., 2009). In addition, treeline responses can be
asynchronous with temperature changes, either due to delays in
physiological processes or growth activation after overpassing
heating thresholds (Rupp et al., 2001; Renwick and Rocca, 2015).
In a global review, Harsch et al. (2009) reported that treelines
have advanced in 52% of the studied sites and remaining
stable or unchanged in the rest, with the exception of one
site in recession. Differences in responses would indicate
that besides temperature, other environmental factors control
treeline location. For example, interspecific interactions play an
important role in controlling treeline dynamics (Spasojevic et al.,
2013; Tingstad et al., 2015; Liang et al., 2016; Saccone et al., 2017;
among others). Warming in the Tibetan Plateau has increased
shrub density, which in turn slowed tree establishment above
the treeline (Liang et al., 2016). Studies of tree colonization on
recent moraines in southern Patagonia, show that Nothofagus
pumilio mostly established in sectors covered by biological soil
crust and/or creeping shrubs dominated by Empetrum rubrum
(Pissolito, 2016). Other authors argued that factors such as wind
and blowing ice modulate the carbon balance of individuals, and
consequently the production of woody tissues (Stevens and Fox,
1991). The cold-induced photoinhibition appears also to regulate
the germination and survival of new individuals (Danby and Hik,
2007). These interactions would act by masking or weakening the
relationship between temperature increments and treeline rises.
According to Holtmeier and Broll (2005) the importance of
different factors in regulating forest line dynamics depends on the
spatial scale of the study and the speed of response of individuals
to environmental changes to which they are exposed. These
authors propose that on a global scale, the factors controlling
treeline are macro-climatic factors, such as temperature and/or
precipitation. However, at regional scale, inter-annual or seasonal
climatic variability are more important (Holtmeier and Broll,
2005). At the site scale, microclimatic relationships such as
wind exposure, duration of snow cover, soil type, human impact
among others, are the dominant factors (Holtmeier and Broll,
2005).
In recent years have significantly increased the number of
studies documenting the progress and retreat of treelines in
the ecotones between forest and alpine vegetation or tundra
(Kirdyanov et al., 2012; Elliott and Cowell, 2015; Franke et al.,
2017; Jochner et al., 2017; among others). Most treelines are
characterized by gradual transitions between the forest and
the alpine vegetation. This transition is characterized by forest
patches that increase the heterogeneity of the site and favor
the establishment of new individuals (Spasojevic et al., 2013,
2014). The upper limit of the forest in the Patagonian Andes is
dominated by species of Nothofagus trees displaying an abrupt
limit between the forest and the grasslands, without a gradual
transition of patches or isolated individuals toward the high
Andean vegetation (Figure 1; Cuevas, 2000; Daniels and Veblen,
2003; Harsch et al., 2012; Srur et al., 2016). Therefore, it is very
likely that the establishment and survival of new individuals
will be more difficult in abrupt rather than transitional ecotones
between the forest and the upper Andean vegetation.
Significant changes in temperature and precipitation have
already been documented in regional studies along the
Patagonian Andes during the last decades (Masiokas et al., 2008,
2009; Falvey and Garreaud, 2009). According with the last IPCC
report, a precipitation decrease concurrent with a temperature
increase of 0.1◦C per decade has been recorded since 1960 in
southern Chile and adjacent Argentina (Magrin et al., 2014).
Across Patagonia, there are strong relationships between changes
in climate (temperature and precipitation) and variations in
the Southern Annular Mode (SAM or Antarctic Oscillation;
Garreaud, 2009; Garreaud et al., 2009; Moreno et al., 2014). SAM
is the main mode of variability of tropospheric circulation in the
extra-tropical region of South America, characterized by pressure
anomalies of opposite sign in the sub-Antarctic region (60–65◦S)
and in the temperate band at ∼40–50◦S (Garreaud et al., 2009).
Positive correlations between SAM and temperature throughout
Patagonia (40◦-54◦S) and negative correlations with zonal wind
intensity and precipitation north of 50◦S during summer have
been documented from climate analyses (Marshall, 2003; Villalba
et al., 2012; Moreno et al., 2014).
The atmospheric circulation indexes such as SAM, act
as climate packages summarizing climatic information since
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FIGURE 1 | Abrupt treeline in the El Chaltén. Picture taken by Ricardo Villalba in the 2016–2017 summer.
they combine changes in precipitation, temperature, wind,
evaporation, among other environmental variables. The use
of these indices allows us to reduce the spatial and temporal
complexity of climate variables and to determine relationships
with biotic processes in areas where climate data are scarce
(Stenseth et al., 2003). Although changes in the atmospheric
circulation indexes do not directly affect treeline dynamics,
variations in SAM, or other circulation indexes, are related to
anomalies in the temperature or/and precipitation, which in
turn affect treeline advances or retreats (Woodward et al., 1995;
Daniels and Veblen, 2003; Wang et al., 2006; Astudillo-Sánchez
et al., 2017). Indeed, a recent study in the Northern Andes
of Patagonia indicates that the establishment of Nothofagus in
the upper treeline is markedly regulated by regional climatic
variations associated with phase changes in the Pacific Decadal
Oscillation (Srur et al., 2016).
There are larger uncertainty about future climate changes
in southern Patagonia, however, the registered increase in
temperature concomitant with the dominant glacier retreat are
expected to continue or even intensified during the twenty-
first century (Magrin et al., 2014). Changes in environmental
conditions can lead to loss of biodiversity, changes in the
demography and distribution of species, and consequently alter
the structure and composition of communities (Hansen et al.,
2001; Bellard et al., 2012;Mainali et al., 2015). Therefore, studying
forest dynamics in the areas exposed to climate change, such
as treeline, is relevant to understanding how future climate will
affect the functioning of ecosystems and the services that they
provide to humans.
In order to complement previous studies documenting
the climatic influences on tree establishment in the northern
Patagonia treeline, we have conducted a similar study in the
southern Patagonian Andes to: (1) characterize the patterns
of N. pumilio establishment in the upper treeline along a
precipitation gradient, (2) to establish the relationship between
variations in regional climate and tree establishment, and (3)
to determine the influence of continental and hemispheric-scale
climatic forcing on tree establishment at regional scale. Finally,
the results from this study in the southern Patagonian Andes will
be compared with those from the northern Patagonia to establish
differences and similarities in the patterns of tree establishment
at the upper treeline and their relationships with climate.
MATERIALS AND METHODS
Study Area
The study area is situated along the Río de las Vueltas basin
in the Santa Cruz province, Argentina, from El Chaltén village
to Lago del Desierto (Figure 2). The whole region is under the
strong influence of the persistent Westerlies throughout the year
(Villalba et al., 2003; Garreaud et al., 2009, 2013). The Andes acts
as a barrier to the humid air masses coming from the Pacific
inducing an important west-east precipitation gradient (Villalba
et al., 2003). The temperature of the region is influenced by both
latitude and altitude, the average temperature described for the
area is 6◦C (Villalba et al., 2003).
Forests in the area belong to the sub-Antarctic
phytogeographic province, Deciduous Forest District and
are dominated by N. pumilio (Cabrera, 1976). From the lower
part of the forest and up to 800–950m, well-developed and
erect N. pumilio individuals vary between 10 and 20m in height
(Boelcke et al., 1985). On the contrary, individuals are smaller in
the highest parts of the forest and become stunted near the upper
boundary. As the snow load increases with elevation, typical
6–8m L-shaped individuals give way to multi stem krummholz
at the upper edge of the forest.
At El Chaltén (400m a.s.l.), located in the forest-steppe
ecotone, the total annual precipitation is ∼550mm, evenly
distributed throughout the year. Mean annual temperature at
this locality is close to 7◦C (data provided by Los Glaciares
National Park, period 1992–2001). At 1,100m a.s.l. in the upper
treeline, the period covered by snow is of ∼140 days per year,
Frontiers in Earth Science | www.frontiersin.org 3 May 2018 | Volume 6 | Article 57
Srur et al. Climate and Establishment at Treelines in Patagonian
FIGURE 2 | Location of the sample sites along the precipitation gradient. For
more details regarding the sampling sites, refer to Table 1.
extending from the beginning of June to middle November
(period 2004–2013, data from IANIGLA). At the mesic sector in
the Estancia Los Huemules, 17 km in northwest direction from
from El Chaltén, the total annual precipitation is above 1,000mm
and the mean annual temperature reaches 6◦C (period 2007–
2012). At the wet sector of the precipitation gradient, total annual
rainfalls are above 2,000mm. Although our record for Estancia
Río Toro is short (less than a year), total annual precipitation
at the close meteorological station of Cerro Mansilla (309m) is
around 2,400m. Cerro Mansilla is located 52 km to the north of
El Chaltén and just 27 km from our sites at the wet extreme of the
precipitation gradient.
Four study sites were established along the southeast-
northwest precipitation gradient in the Río de las Vueltas
basin (Table 1; Figure 2). At the driest treeline site on Pliegue
Tumbado, slopes are gentle with E-SE orientation. The density
of seedling above treeline exceeds 40 individuals per hectare with
mean height and basal diameter of 8 and 1.1 cm, respectively
(Table 1, Figure 3A). On the mesic sector, the upper treeline is
located on gentle to middle slopes facing the SE. Here, the density
is larger than 18 individuals per hectare. This site recorded
the smallest individuals both in height and diameter (Table 1,
TABLE 1 | Geographic location and characteristics of sample sites.






Code ECH ELH GLH ERT
Latitude ◦S 49.38 49.20 49.07 49.06
Longitude ◦W 72.94 72.99 72.91 72.98
Elevation m asl 1,073 1,053 993 1,027
Slope (◦) 9.6 23 26 35
Aspect E-SE SE S-SE E
Soil type Molisols Molisols Molisols Molisols
Characteristic Dry treeline Mesic treeline Wet treeline Wet treeline
Density (ind/ha) 41.96 18.49 153.05 8.86
Height (mm) 83.7 79.0 98.6 143.3
Basal diameter
(mm)
11.6 2.5 6.8 9.8
Mean age (years) 12.18
(1.64) a
14.53 (1.29) a 12.79 (0.89) a 9.8 (1.78) a
Mean distance
to treeline (m)
5.88 (0.37) a 11.84 (0.40) b 3.14 (0.11) c 4.8 (0.33) a
For mean age and distance to treeline, the standard errors are displayed in parentheses.
Different letters show statistically significant differences at p ≤ 0.05.
Figure 3B). Finally, at the wettest treelines (Figures 3C,D),
seedling density is extremely variable between sites (Table 1). At
the Estancia Río Toro treeline, individuals are taller and growing
on steep slopes (Table 1; Figure 3D).
Fieldwork and Laboratory Methods
Four study sites were established along the precipitation gradient
from the relative dry forest-steppe ecotone in El Chaltén to the
humid Laguna del Desierto in the upper sector of the Río de
las Vueltas basin. Sampling was conducted during the austral
summers from 2004–2005 to 2010–2011. Two to four rectangular
plots were established at each of four sites, extending from the
local treeline up to the alpine grasses (Table 1, Figure 3). In
each plot, we measured the distance between the new individuals
and the continuous treeline. In order to determine the year
of tree establishment, increment cores were taken as close to
the root collar as possible using increment borers. Individuals
with a basal diameter <3 cm were cut at the root collar, and
their cross-sections sliced in the laboratory using a sliding
microtome. At El Chaltén (ECH), Glacial Huemul (GLH), and
Estancia Río Toro (ERT) sites, 187, 62 and 51 individuals were
sampled, respectively. In Estancia Los Huemules (ELH), the site
showing the highest tree density, we randomly sampled 1 of
each 4 individuals from a total of 122 samples. Increment borer
samples were mounted on wooden mounts and subsequently
polished. All samples were processed and dated following the
standard dendrochronology technique proposed by Stokes and
Smiley (1968). For cores that did not reach the pith, the
missing rings were estimated following Villalba and Veblen
(1997).
Analysis
The establishment patterns in the treeline were analyzed taking
into account the age of the individuals and the distance
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FIGURE 3 | Tree establishment above the Nothofagus abrupt treelines at the sampling sites. (A) El Chalten, (B) Estancia Los Huemules, (C) Glaciar Huemul, and (D)
Estancia Rio Toro.
of the seedling to the treeline. Differences in the distance
between individuals and treelines between sites were evaluated
using the non-parametric U-test of Mann–Whitney (Zar,
1999).
Temperature and precipitation records in the Río de
las Vueltas basin are short and fragmentary. Therefore,
we used in the comparisons between climate and tree
establishment the records from Punta Arenas, representing
the most extent and complete series of temperature and
precipitation for the region. The climate data was downloaded
from the website of the Chilean Meteorological Directorate
(http://www.meteochile.gob.cl/PortalDMC-web/index.
xhtml).
The Niño 3.4, PDO and SAMMarshal indexes were obtained,
respectively, from:
http://www.cgd.ucar.edu/cas/catalog/climind/TNI_N34/
index.html (access date 8 September 2016)
http://research.jisao.washington.edu/pdo/PDO.latest (access
date 20 June 2016)
http://www.nerc-bas.ac.uk/public/icd/gjma/newsam.1957.
2007.txt (access date 03 March 2017)
Using the ffcsaps function of the dplR package (Bunn
et al., 2016), interannual variations in establishment,
temperature and precipitation were smoothed using spline
funtions.
RESULTS
Mean ages from the individuals established above upper treeline
showed no significant differences between sites (dry, mesic, and
humid) along the precipitation gradient from El Chaltén to
Laguna del Desierto (Table 1). However, the mean distance from
the edge of the forest at which new individuals are established,
showed significant differences between sites (Table 1). Whereas
the ELH and GLH sites showed the largest and smallest distance
from the continuous forest line, respectively, the sites at the
extremes of the gradient (ECH and ERT) showed intermediate
values and not significant differences between them (Table 1).
The rate of N. pumilio establishment over time followed
similar patterns at the different sites along the precipitation
gradient (Figure 4). In general, the establishment patterns
presented a bimodal distribution characterized by a gradual
increase in the number of individuals since the mid-1970s,
peaking in the late 1980s—early 1990s and again around the
year 2000. This particular pattern is reinforced when tree
establishment is evaluated at regional level (Figure 4). However,
it should be noted some temporary differential response in tree
establishment between wet and dry sites. Whereas at the wettest
site (ERT) the maximum establishment peak took place in the
most recent period, at the driest sites (ECH and ELH) the
establishment was more abundant in the earliest period.
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FIGURE 4 | Frequency distribution of individuals established at the
upper-treeline sites. Sampling sites ordered from the driest (top) to the wettest
(bottom) along El Chalten-Laguna del Desierto precipitation gradient. The
regional establishment is shown at the bottom. Smoothed versions of the
establishment temporal distributions estimated using a 10-year cubic spline
function are also shown.
The temporal pattern of Nothofagus establishment in the
treeline appear to be influenced by climatic variability (Figure 5).
Both peaks in the temporal distribution of the establishment are
related to summer temperature increases, while the decrease in
recent years is concurrent with a marked reduction in summer
precipitation (Figure 5).
DISCUSSION
The upper treeline from N. pumilio in the southern Patagonian
Andes is sensitive to variations in climate. The increment in
summer temperatures recorded between the cold interval 1966–
1977 (mean = 9.6◦C) to the prevailing warmer period from
1978 to present (mean= 10.34◦C) has favored the establishment
and survival of new individuals above the upper treeline. Old
photographs from the region indicate that the upper treeline
has remained quite stable at least for seven decades since the
beginning of the twentieth century to the mid-1970s. Along the
El Chaltén-Lago del Desierto precipitation gradient, all selected
sites showed seedling establishment above treeline. However, it is
important to note that local site conditions, such as steep slopes
and/or lack of herbaceous cover, strongly inhibit the Nothofagus
seedling establishment on the upper treeline. Our results are
consistent with previous studies documenting a treeline advance
during the past decades related to temperature increases since the
mid-1970s in many sites along the Patagonian Andes (Daniels
and Veblen, 2004; Srur et al., 2004, 2016).
The Nothofagus recruitment above the upper treeline started
at mid-1970 and continues until today, albeit with differences in
the patterns of establishment rates. At the dry-mesic sectors in
the transect, the tree establishment that started in the mid-1970
following the temperature increment, peaked in the late 1980s,
coincident with abundant summer precipitations from 1988
to 1994. The temporal changes in establishment rates at these
sites indicated that tree establishment and survival at dry-mesic
treelines is also modulated by amount of soil water available
for growth. On the contrary, above-average precipitation in the
wet treelines prolongs the snow cover duration and significantly
reduce the extent of the growing season. A more attenuated peak
in tree establishment occurred at the end of the 1980’s in the
wet sectors in comparison with that recorded at the drier sites
along the precipitation transect. At the wet Estancia Río Toro
site, the largest rate of recruitment were centered around the
year 2000, concurrent with warmer summers recording normal
precipitation (Figure 4). In consequence, our observations
reveal important interactions between temperature and
establishment modulated by precipitation. The establishment
of new individuals in the dry upper treelines requires warmer
temperatures accompanied by abundant precipitations to
ensure the survival of the recent established plants. In humid
environments, the higher temperatures that act reducing the
permanence of snow, increase the duration of the growing
season, and consequently, facilitate the establishment of new
individuals in the upper treeline.
The dynamics of the Nothofagus treeline has also been
investigated in New Zealand (Harsch et al., 2012). With
morphological characteristics similar to the Nothofagus forests
in Patagonia, forest expansion in the New Zealand upper
treeline appears to be limited mainly by the scarcity of suitable
microsites for seedling establishment. Therefore, the authors
suggest that treelines in New Zealand appears to be less
sensitive to recent global warming, and consequently, unlikely
to show substantial upward movement under the current low
demographic rates recorded at high elevations. Our results for
Patagonia show, on the contrary, that treelines dominated by
N. pumilio are sensitive to temperature changes, but other
abiotic changes such as precipitation appears to play a key
role in tree establishment. Poor-developed soils with extremely
low water capacity, provides extremely adverse conditions to
seedling colonization in southern Patagonia (Pissolito, 2016).
Whereas warmer temperatures could lead to increases in
tree establishment, abundant precipitation would contribute
to the survival of seedling, particularly in the dry and mesic
environments of the Patagonian upper treeline (Daniels and
Veblen, 2004; Srur et al., 2016).
At the wet treelines in the rainy Chilean sector, Piper et al.
(2013) also noted that warming has favored the establishment
of N. pumilio seedlings in the southern Andes, however,
they highlighted the importance of site-specific conditions in
modulating the response of tree dynamics to climate change.
They argued that heat-induced water deficits do not cancel
out the benefits of higher temperatures for Nothofagus seedling
survival and growth. Comparatively, the results from Piper et al.
(2013) are consistent with those recorded at our wetter sites,
since the increase in temperature in the early 2000’s, concurrent
with normal precipitation, favored establishment at the wet but
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FIGURE 5 | Temporal variations in regional seedling establishment at the upper treelines in southern Patagonia and in Punta Arenas summer (December to February)
temperature and precipitation. Straight lines represent the summer temperature and precipitation means. Smoothed versions of establishment and climatic variations
using a cubic spline function of 10 years are also shown (dashed line).
not at the dry treelines. At the rainy treelines, precipitation is
enough to compensate the increase in evapotranspiration due to
higher temperatures. However, the long-term negative trend in
precipitation since 2000 seems to have affected establishment in
both wet and dry upper forests along the Río de las Vueltas basin
(Figure 5). The scarce recruitment recorded in the last decade is
in line with studies reporting the negative effects of warming on
N. pumilio establishment due to the more severe water deficits
recently recorded in the dry Patagonian Andes from Argentina
(Heinemann et al., 2000; Daniels and Veblen, 2003; Srur et al.,
2016).
In the Patagonian Andes, as well as in New Zealand, tree
dynamics at the upper treeline has also been related toNothofagus
seed production and dispersal. Indeed, masting events have
been reported for N. pumilio in Tierra del Fuego (Cuevas,
2000, 2002). Although two recruitment peaks are recorded
at regional scale, they are not observed at most individual
sites (Figure 4). Unfortunately, our records of seed production
and seedling survival for the region are short, and therefore,
not able of reliably detecting masting events. Therefore, the
importance of long-term studies to properly answer relevant
dynamics process in the treeline are evident. For the Chilean
rainy treelines, Piper et al. (2013) reported an increase in seed
production but not peaks in tree establishment, suggesting that
an increase in Nothofagus seed production not necessarily reflect
higher recruitment rates. For the Nothofagus treelines in New
Zealand, Richardson et al. (2005) documented an increment in
seed production over the past 30 years but not a concomitant
recruitment increase over the same period (Harsch et al.,
2012).
Another topic of discussion in relation to forest expansion
deals with the distance between new establishment and the
location of the current treeline. Most studies agree that the
distance between new seedlings and the treeline depend on forest
location and intensity of prevailing winds. Wind protected sites
by tree barriers, windward slopes or large outcrops facilitate
the establishment of seedlings through the creation of safe sites
(Holtmeier and Broll, 2007; McIntire et al., 2016). Upper treelines
in Patagonia are affected by the strong westerly winds all year
round (Villalba et al., 2003; Garreaud et al., 2009), which certainly
influence the dispersal of N. pumilio seeds. The longest distance
recorded between new individuals and the continuous treeline
was of 11.84m at the forest leeward in Estancia Los Huemules.
Therefore, and in accordance with other authors, not only the
temperature increase modulates the treeline progression but also
other abiotic factors existing at the site. Recent studies suggest
that N. pumilio seed is comparatively heavy in the context of
wind dispersed trees, being particularly the heaviest of all seeds
within the genus Nothofagus in South America (Urretavizcaya
et al., 2016). The N. pumilio seed is 9 times heavier than
N. dombeyi’s and 11 times than N. antartica’ s (Urretavizcaya
et al., 2016). This characteristics of N. pumilio seed may also
explain why tree establishment always occurs nearby the forest
(Rusch, 1993). In general, the establishment is limited to 5m
from the tree line, even when appropriate microsites may be
available at greater distances. Similarly, Harsch et al. (2012)
noted that Nothofagus recruitment in New Zealand is mostly
limited to the proximity to the forest. Therefore, the rate of
Nothofagus treeline expansion is not only modulated by changes
in temperature. Biotic and abiotic factors other than temperature
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also modulate the rhythm of treeline progression into upper
alpine vegetation.
Variations in temperature and precipitation at the southern
end of South America are largely modulated by changes in
the phases of the South Annular Mode (SAM; Falvey and
Garreaud, 2009; Garreaud et al., 2009). The positive phase of
SAM, characterized by anomalies of high atmospheric pressure
in medium latitudes, is related to elevated temperatures and
reduced precipitation in the Patagonian Andes (Marshall, 2003;
Garreaud et al., 2009; Villalba et al., 2012). In particular, the
positive trend in the SAM since the late 1950s is consistent
with the rise in temperatures in the region. For the period
1957–2015 (59 years) the variations in the average annual
temperature of Punta Arenas are significantly related to SAM
(r = 0.46, p < 0.001; Figure 6). Consequently, the process
of treeline expansion in our region in response to rising
temperatures is finally a response to the positive trend observed
in the SAM since the early 1960s (Figure 6). Relationships
between SAM and precipitation in the Southern Patagonian
Andes are more difficult to assess given the complexity of
precipitation patterns introduced by the Andes Mountains
and the lack of long and reliable meteorological records. The
relationship between the annual precipitation of Punta Arenas
and SAM is not statistically significant over the common period
1957–2015, but it is during the last 30 years. For the period
1986–2015, the positive trend in the SAM has contributed
to the decrease in total annual precipitation in Punta Arenas
since the early 1990s (r = –0.52; p < 0.003). As noted above,
the increase in temperature since the mid-1970s has facilitated
the establishment of new individuals in the upper treeline.
However, the temporary rhythm of establishment has been partly
modulated by variations in precipitation, particularly summer
rainfall in the drier treelines. The steady decline in precipitation
over the last few decades would be responsible for the slower
rhythm of establishment in recent years. This situation would be
affecting the establishment and/or survival of seedlings in both
dry and wet sites along the precipitation gradient of Río Las
Vueltas basin.
Similar to what has been documented in this paper, the
increase in spring-summer temperature of 0.5◦C in northern
Patagonia facilitated the establishment of new individuals over
the upper limit of the forest (Srur et al., 2016). However,
this increase in temperature that occurred in the 1976/77
climate jump was associated with the documented phase change,
from negative to positive, of the Pacific Decadal Oscillation
(PDO). In its return to the negative phase of PDO at
the beginning of the twenty-first century (Trenberth et al.,
2014; Vuille et al., 2015), the climate in northern Patagonia
became more variable, with spring-summer temperatures similar
to those recorded in the negative phase of PDO prior to
FIGURE 6 | Comparison between tree establishment above upper treelines in northern and southern Patagonia and their relationships with temperature and the
associated atmospheric circulation indices. Temperature plotted with continuous line, PDO and SAM represented with dashed line.
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1976. In particular, the establishment on the treeline in
northern Patagonia follows more closely the variations in
the PDO phases than in temperature changes (Figure 6).
Indeed, Stenseth et al. (2003) argue that atmospheric circulation
indices integrate a set of environmental variables beyond
those that could be reflected in a single climatic variable
such as temperature. The negative PDO phase is associated
with lower temperatures, but also with lower precipitation
in northern Patagonia (Srur et al., 2016). It is probably
the combined occurrence of colder spring-summer and lower
precipitation that has reduced or silenced the establishment
of Nothofagus specimens on the abrupt treeline in northern
Patagonia.
Similarly, the establishment of Nothofagus on treeline in
the Southern Patagonian Andes seems to be more strongly
regulated by SAM’s influence on temperature and precipitation
regimes. The sustained increase in temperature associated
with the persistence of the positive phase of SAM since
the mid-1970’s has facilitated establishment over treeline, but
variations in establishment rates seem to be associated with
variations in regional precipitation also influenced by SAM.
In particular, the lack of establishment over the last few
years in the Southern Patagonian Andes would be a response
to the reduction in regional precipitation, as temperatures
have remained at levels similar to those recorded since the
mid-1970s.
CONCLUSIONS
Our studies suggest that the location of the upper treeline
of the N. pumilio forest in the Patagonian Andes is sensitive
to changes in climate variations. The recorded increments in
regional temperature have facilitated the establishment and
therefore the ascent of the upper treeline. However, the
regional expansion of the treeline is extremely variable when
it is evaluated at local scale. Site topography, exposure and
soil development, among other factors, markedly influence
N. pumilio tree establishment at local scale in the upper
treeline. The temperature increment has facilitated the tree
recruitment in both the dry-mesic and wet treelines along the
precipitation gradient in Río de las Vueltas basin. However,
the rate of seedling establishment appears to be more strongly
modulated by the interaction between temperature increase and
variations in precipitation. In the dry to mesic sites of the
upper treeline, the survival of the seedlings depends on the
occurrence of wet periods, whereas wet periods prolong the
snowpack cover in the wet treelines limiting tree establishment.
Finally, prolong droughts affect tree establishment at both dry
and humid treelines on the Argentinean slopes of the southern
Andes.
The expansion of the upper treeline in the Patagonian
Andes has been limited to 5–10m from the abrupt
treeline. This comparatively reduced advance of the forest
in the alpine grassland is regulated by other biotic and
abiotic factors rather than the temperature increase.
The location of the sites in relation to prevailing winds,
microsite conditions, and the comparatively heavy seeds
of N. pumilio (up to 9–11 times the seed weight of other
Nothofagus seeds) affects the spatial advance of the upper
treeline.
While the recent expansion of treeline in northern Patagonia
was regulated by temperature and precipitation variations
associated with the different phases of PDO, the climatic
variations induced by the persistently positive trend of SAM
during the last decades were what facilitated the establishment
in the Southern Patagonian Andes. In both cases, the rhythm
of establishment in the upper treeline responded to interactions
between temperature and precipitation rather than to variations
in only one of these meteorological variables. The scarce
precipitation associated with the negative phase of PDO in the
north and with the positive phase of SAM in the southern
Patagonian Andes seems to have reduced establishment in recent
years. Conversely, temperature increases in response to the
positive phases of both PDO and SAM from the 1970s onwards
triggered the establishment process at the upper boundary of the
forest.
Despite the high value of retrospective studies such as the
one presented here, the need for long-term monitoring of forest
dynamics in treeline areas is evident. These studies would allow
us to clarify basic aspects of the population dynamics of the
species in these climate change-sensitive sites, such as variability
in seed production or seedling mortality rates, providing us with
more information about the effects that such change may have on
the future distribution of forests and the ecosystem services they
provide.
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